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Abstract
Deposition of dry fi bre (DF) material using automated fi bre placement (AFP) and high temperature resin impregnation has emerged as a 
promising alternative to the use of prepreg for manufacturing high value composite structures, especially for large parts. In this process, the 
AFP machine deposits a course of multiple dry fi bre tapes containing epoxy based binder (5-10 wt. %). The binder is thermally activated to ad-
here the incoming tapes to the substrate. This work is limited to high temperature vacuum-assisted resin infusion as an out-of-autoclave man-
ufacturing route. Within the aim to enhance industrial implementation of this process, understanding of the interaction between automated 
dry fi bre placement and vacuum-assisted resin infusion requires improvement. In this work, the in-plane permeability variation due to varying 
spacing and frequency of gaps in preforms deposited by AFP was characterised. In addition, the impact of di erent infusion set-ups resulting 
in changes in the balance of through-thickness and in-plane resin permeation, on fl ow front progression was investigated experimentally. The 
fi ndings inform material specifi c manufacturing guidelines for AFP manufacture of an aerospace component. 
Conclusions
The fl ow front shape of the dry fi bre AFP preforms including gaps, captured during the infusion, is vastly di erent from that of any 
conventional material, making fl ow front progression measurements challenging. The fl ow front was calculated using the wetted area 
divided by the measured specimen width, averaging out the scattered fl ow front. That value was used in this work for in-plane permeability 
calculations (A and B). The scatter is more extreme when regarding samples infused with fl ow mesh (as seen in C), a clear pattern of the gaps 
of subjacent plies emerges. The fl ow mesh enhances the through-thickness resin fl ow and the gaps work as interconnected fl ow channels for 
all gap width variations similarly. Images with this pattern were excluded from fl  ow front analysis.
In the absence of elaborate measurement instruments and an appropriate standard for permeability testing of the preform with internal gaps, 
the simple test set-up described gives a reasonable characterisation of in-plane versus a mixture of in-plane and through-thickness fl  ow front 
progression. Without su  cient statistical verifi cation, only preliminary conclusions can be drawn from this work and require verifi cation:
> Gaps have no signifi cant impact on in-plane permeability within the tested samples
> Gaps have no signifi cant impact on fi ll time, neither for in-plane nor for a combination of in-plane and through-thickness permeability 
within the tested samples
> Impact of a change in laminate design are far outdone by the set up chosen during the infusion.
> Fibre volume fraction is not an adequate measure for DF-AFP laminates as they exhibit a non-uniform cross section.
> Gaps form interconnected fl ow channels within the preform and promoting the through-thickness fl ow using the fl ow 
mesh on the preform surface create scattered infusion, which has a potential risk of dry spots.
> Gaps form interconnected fl ow channels within the preform. When promoting through-thickness fl ow using fl ow 
mesh, a scattered fl ow front can be observed on the surface. This scatter may be a risk of dry spots.
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Figure 3: In-plane permeability of dry fibre samples 
The results of the in-plane permeability study do not exhibit statistically significant trends of 
permeability for different preform fibre volume fractions or gap configurations. 
3.2 Effect of infusion set-up on fill time 
The flow front position at the same time (11 min 43 ± 5 sec) was investigated for all samples on 
the basis of the images taken by the camera looking at the bottom surface. A clear difference 
between the set-ups without flow mesh (pure in plane flow) and with flow mesh (a mixture of in-
plane and through-thickness flow) was observed (see Figure 4). The flow front of the test with a 
mixture of in-plane and through-thickness flow is on average almost three times as fast as the in-
plane flow front. 
 
Figure 4: Flow front propagation at 11 min 43 sec for all set ups and preforms 
There is no statistically significant trend for a decrease in fill percentage with increasing preform 
fibre volume fraction, neither for different preform fibre volume fractions nor for different gap 
configurations. 
In-plane permeability of dry fi bre samples
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Figure 7: Cross section of sample with 8 tapes and 4 mm gaps 
4. DISCUSSION AND CONCLUSIONS
The flow front shape of the dry fibre AFP preforms including gaps, captured during the infusion, 
is vastly different from that of any conventional material, making flow front progression 
measurements challenging. The flow front was calculated using the wetted area divided by the 
measured specimen width, averaging out the scattered flow front. That value was used in this work 
for in-plane permeability calculations (see Figure 8, A and B). The scatter is more extreme when 
regarding samples infused with flow mesh (as seen in Figure 8 C), a clear pattern of the gaps of 
subjacent plies emerges. The flo  mesh enhances the through-thickness resin flow and the gaps 
work as interconnected flow channels for all gap width variations similarly. Images with this 
pattern were excluded from flow front analysis. A flow front like in example C may be more prone 
to dry spots and other faults than a more uniform flow front. The samples infused with high 
temperature resin did not exhibit superficial dry spots, however it needs to be investigated if this 
is the same in larger and more representative structures. 
 
Figure 8: Representative, binary images of flow front appearance seen from the bottom (A) UD-weave (B) DF-AFP 8 tapes, 
4 mm gap in-plane flow only (no flow mesh), (C) DF-AFP 8 tapes, 4 mm gap in-plane and through thickness flow (with flow 
mesh) 
In the absence of elaborate measurement instruments and an appropriate standard for permeability 
testing of the preform with internal gaps, the simple test set-up described gives a reasonable 
characterisation of in-plane versus a mixture of in-plane and through-thickness flow front 
progression. Without sufficient statistical verification, only preliminary conclusions can be drawn 
from this work and require verification: 
 Gaps have no significant impact on in-plane permeability within the tested samples 
 Gaps have no significant impact on fill time, neither for in-plane nor for a combination of in-
plane and through-thickness permeability within the tested samples 
Re resentative, binary images of fl ow front 
appearance seen from the bottom (A) UD-weave (B) 
DF-AFP 8 tapes, 4 mm gap in-plane fl ow only (no 
fl ow mesh), (C) DF-AFP 8 tapes, 4 mm gap in-plane 
and through thickness fl ow (with fl ow mesh)
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tape material [3], which derived a conflicting conclusion that the gap configuration significantly 
affect the through-thickness permeability. Both researches focus only of the comparison of the 
permeability values, without investigating how the gap affects the internal preform structure. This 
work experimentally investigates the effect of the gap configuration and the infusion set-up of a 
quasi-isotropic preform manufactured by the dry fibre AFP process on the infusion process and 
the resulting laminate quality. 
2. EXPERIMENTATION 
2.1 Preform manufacturing 
A commercially available dry fibre tape (TX1100 IMS65-24K-UD-196-6.35 by Cytec Solvay 
Group, Belgium) has been chosen as material due to various advantages over other available 
materials rated against part specific criteria [4]. The material is a carbon fibre slit tape that contains 
an epoxy based binder (5-10 wt. %) on the lower side and a carbon fibre veil on the surface.  
A state-of-the-art industrial AFP machine (Coriolis Composites SAS, France) was used in this 
work. Up to eight 6.35 mm wide tapes can be simultaneously deposited at a nominal maximum 
speed of 1000 mm/s. The speed in this work was set to the maximum achievable speed, but due to 
the machine kinematics nd the size of the part, a reduction to an average speed of 297 mm/s 
(minimum speed at feed: 200 mm/s, maximum speed on diagonal paths 942 mm/s) was achieved. 
The binder is activated with a 3 kW fibre-coupled diode laser using two diode stacks at λ = 
1025±10 nm (Laserline GmbH, Germany). The homogeniser optic delivers a nominally 
homogeneous (≈ 7 % power variation across the course width) rectangular laser beam (8 x 57 mm) 
and the deposition temperature was set to 220 ± 18 °C (double standard deviation), determined by 
Di Francesco et al. [5]. The deposition head tilt was set at a constant value of – 7° and a 40 Shore 
hardness silicone roller was used to deliver a compaction force of 446±38 N, provided by Coriolis 
Composites SAS and recommended for the layup of materials which require a laser heater. 
Seven gap configurations were produced with the AFP machine, using the aforementioned 
deposition parameters, all 26 plies thick, quasi-isotropic, balanced and symmetrical flat panels 
[(- 45, + 45, 0, 90)s, 0, (- 45, + 45, 0, 90)]s. and the courses were staggered by 3.5 times the tape 
width. The different laminate design configurations are outlined in Table 1.  
The preform fibre volume fraction of each configuration was used as descriptor, it describes the 
ratio of the carbon fibre volume to the total preform volume, assumed to be a continuous solid, 
similar to the fibre volume fraction that describes the ratio of carbon fibres volume to the laminate 
volume. The fibre volume fraction of the preform is calculated using the nominal areal weight 
(196 g/cm2) of the material, the nominal fibre density (1.78 g/cm3), the number of plies (26) and 
the preform thickness (5.2 mm for 8 tapes, 1 mm gap) measured by a laser line scanner 
(ModelMaker MMDx 100 digital laser scanner and MCAx35+ Manual Coordinate measuring 
Arm, Nikon, Japan). The theoretical preform fibre volume fraction for other gap configurations 
was calculated by linearly interpolating the areal weight assuming a perfectly rectangular gap in 
the preform.  
Table 1: Sample set up for infusion trials and resulting theoretical preform fibre volume fraction 
 Nominal gap width, mm 
tapes deposited in one course 1 2 4 -1 
4 49.3%* 47.5%* 44.3%*  
8 50.3%* 49.3%* 47.5%* 52.3%* 
* One infusion using high temperature resin carried out 
Sample set up for infusion trials and resulting 
theoretical preform fi bre volume fraction
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For comparison, a bindered carbon fibre UD weave (HexForce® 48330 QB1200, HS12K carbon 
fabric, Hexcel, US) was manually laid up, due to a different areal weight in the stacking sequence 
for 16 plies [+45/-45/0/90]2s. Prior to infusi n, all preforms (AFP prefor s an  UD weave 
preform) were activated at 119±9 °C (double standard deviation) for 2 hours under vacuum to 
mimic the igh temperature infusion process as closely as possible for the room temperature trials,
where the preforms undergo a heat soak step conditioning prior to infusion. Those panels were 
then cut into strips (nominally 650 mm long and 120 mm wide) that were infused individually, 
complying with a recommended thickness and inimal aspect ratio for infusion tests of this kind 
[7]. E ch sample was trialed twice ch in two different infusion set-ups. 
2.2 Vacuum assisted infusion 
In production of an aerospace part in industry, dry fibre AFP aterial is infused with a high 
temperature aerospace grade esin. In this work, in order to test a larger amount of variables and 
closely monitor the process, an alternative infusion fluid with the same viscosity was used for the 
majority of testing. The transferability of the results was demonstrated through use of a high 
temperature curing resin for comparative tests. The infusion tests were carried out with diluted 
sugar syrup at room temperature as well as a two part aerospace grade epoxy resin (HexFlow® 
RTM6-2, Hexcel, US) at high temperature. The room tempe ature infusion trials were conducted 
using a mixture of syrup (invert sugar syrup, 69 wt. %) and water (31 wt. %) with the same 
viscosity as the aerospace grade resin at infusion temperature. The viscosity of the diluted sugar 
syrup was determined to be 33.4±2.5 mPa·s at 22 °C and a shear rate of 40 s-1 using a viscometer 
(Brookfield LVDV-I+, US) to match the viscosity of resin at infusion temperature (120 °C) of 
33 mPa·s according to the manufacturer [8]. The resin and diluted sugar syrup were both mixed 
manually and the resin was degassed as per manufacturer’s requirements prior to infusion. The 
room temperature during the infusion with diluted syrup was 20.8±1.7 °C (double standard 
deviation) and the temperature of the diluted syrup was 20.8±0.6 °C (double standard deviation). 
The temperature during the three high temperature infusions in an industrial oven was 
121.5±3.1 °C (double standard deviation), the resin pot was kept at nominally 80°C and the heated 
hose was kept at nominally 90°C.  
The individual preform strips were bagged using a bagging scheme as depicted in Figure 1 and 
Figure 2. A second iteration of the infusion set-up included a flow mesh reaching over two thirds 
of the preform from the inlet. Bag sealant tape was used to seal the lengthwise edges and no race 
tracking was observed. For high temperature infusions, a layer of release film was added between 
preform and vacuum bag and a peel ply between the flow mesh and the preform, otherwise the set-
up was identical. Only the set-up including flow mesh was used for the high temperature infusion 
tests. 
 
Figure 1: Schematic room temperature infusion set-up (top view) Schematic room temperature infusi n set-up (top view)
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Figure 2: Schematic room temperature infusi n s t-up (side view) 
All measurements were logged using LabVIEW (National Instruments, US) to connect different 
measurement capabilities as required; thermocouples for a temperature trace during infusion, 
cameras (96dpi) to capture the flow front progression during infusion, and a scale to capture 
volumetric flow. These devices logged their respective data during the room temperature infusions, 
every second for the room temperature set-up including flow mesh, every 10 seconds for the room 
temperature set up without flow mesh and the high temperature infusions data was logged every 
30 seconds. In a post processing step, the photos of the flow front taken throughout the trials 
underwent an image analysis using ImageJ for preparation (alignment, cropping and generating 
the correct file format) and Matlab® (by MathWorks®, US) for the analysis for the image (flow front 
detection and measurement).  
The data was used to calculate the in-plane permeability in one direction by using a method based on 
interpolating the flow front position during the infusion based on Darcy’s law, as seen in Equation 
1. The top surface of the preform was used for the analysis. A linear tr nd line was fitted through 
the flow front progression and computed the Permeability (KSFF) as follows: 
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, Equation 1 
where xff2 is the squared flow front position at time t, constant injection pressure Pinj (ambient 
pressure), viscosity μ and free porosity Ф [7]. As the diluted sugar syrup does not cure, microscopic 
images can only be obtained through the high temperature infusion samples. Taking the images of 
the flow front in the high temperature infusion tests was not possible due to the limitation of 
operation temperatures of the cameras. Instead of measuring the flow front over time at high 
temperature, the flow rate was monitored by measuring the weight change of the resin reservoir. 
To validate the applicability of the results obtained by the room temperate trials to high 
temperature trials the volumetric flow rate was compared. When comparing the volumetric flow 
rate of resin and diluted sugar syrup (high temperature vs. room temperature) against time for 
identical preforms a good agreement between the volumetric flow rates was observed. It can be 
concluded that the trials conducted with an alternative infusion fluid are representing the infusion 
at elevated temperature sufficiently accurate.  
3. RESULTS 
3.1 In-plane permeability 
The calculated in-plane permeability of two samples per configuration ar  shown i  Figure 3, 
plotted against global, theoretical preform fibre volume fraction.  
Schematic room temperature infusion set-up (side view)
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3.3 Laminate cross sections 
The cross sections of the preforms infused with an aerospace grade resin show, for a 1 mm gap 
every eight tapes, that the gap forms a more or less rectangular space filled with resin (see Figure 
5). It is common to use the fibre volume fraction as a descriptor for a preform in permeability 
measurements (e.g. [7]), however the fibre volume fraction of a dry fibre AFP preform including 
gaps is not uniform and an average fibre volume fraction does not capture local inconsistencies. 
 
 
Figure 5: Cross section of sample with 8 tapes and 1 mm gap 
With increasing gap width, in this instance to nominally 2 mm and 4 mm, the shape of the gap 
became less rectangular (see Figure 6 and Figure 7) since the tapes laid on top of the gaps do not 
go straight across. For 2 mm gaps, the tapes were slightly deformed into the cavity created by the 
gap, however for 4 mm gaps, the tapes fully comply to the cavity and are in contact with the 
previous ply, as shown in Figure 7. This shows that the volume of the flow channels created by 
the gaps within the preform does not increase linearly with the increase of the gap width. As the 
volume of flow channels is similar across different gap configurations the increase of gap width 
does not have a significant effect on the in-plane permeability. The results of the permeability tests 
presented here are consistent with the observed change in flow channel cross section in preforms 
of varying width gaps. The through-thickness permeability in this case is equally not affected by 
the observed changes in flow channel cross section, as overlapping gaps from adjacent plies 
continue to form similar through-thickness flow channels that promote through-thickness flow 
across all configurations. 
 
 
Figure 6: Cross section of sample with 8 tapes and 2 mm gap and entrapped air 
Cross section of sample with 8 tapes and 
1 m gap
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